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ABSTRACT
Textured surfaces can reduce friction due to decreased contact area between two surfaces, and
could therefore increase the reliability of micro-electro-mechanical systems (MEMS).

The

problem with some microtextures is their inability to withstand significant amounts of wear,
often deforming or breaking, thus limiting their potential uses and overall effectiveness. In this
study, connected and isolated SU8 microstructures with and without diamond-like coating (DLC)
were designed to investigate the effects of these microstructures on the tribological performance
of a surface. Friction studies were conducted using a tribometer, while surface topography and
wear were characterized by scanning electron microscopy (SEM), optical microscope, and
contact profilometry. The results show that the coefficient of friction as well as overall surface
wear can be significantly reduced by texturing samples with connected microstructures covered
by DLC.
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1. Introduction
Over the past decade, there has been a significant expansion in the field of micro-electro
mechanical systems (MEMS).

Commercially, most MEMS are used as sensors, such as

accelerometers for airbag deployment in automobiles. There are a wide variety of uses for
MEMS in consumer, military, and even biomedical applications [1]. Friction and wear has
become a key factor in determining the functionality and reliability of micro-devices.

As

systems become smaller, even relatively minute frictional forces can prevent the proper
operation of moving parts, resulting in system failure.

As the applications of micro and

nanotechnologies increase, it is imperative that the friction and wear of MEMS devices is
minimized due to their governing nature at the micro-scale.

Silicon (Si) has traditionally been used in MEMS devices. Its hydrophilic nature causes
high adhesion between MEMS structures mediated by meniscus bridges. It is also brittle and
cannot withstand normal and shearing applied loads [2]. These characteristics translate into Si’s
relatively poor tribological characteristics thus creating a need to develop surfaces with enhanced
tribological properties such as reduced friction and increased wear resistance [3, 4].

Textured surfaces are surfaces that have been fabricated such that they possess unique
micro-, nano-, or both micro- and nano-scale characteristics, such as patterns, that provide
desired mechanical benefits. It is well known that textured surfaces are beneficial in that they
reduce the levels of adhesion as well as frictional forces due to the decreased areas of contact
between two surfaces [5-9]. However, there are problems due to the relatively poor wear

characteristics of some textured surfaces, these textures will often deform or even break [6, 10].
Although great progress has been made over the past several years in the area of surfacetexturing, there is still a need to engineer better, more durable surface textures [7, 11-13].

In this project, tribological performance of surfaces patterned with SU8 microstructures
with and without diamond-like carbon (DLC) coating was investigated in an attempt to uncover
novel engineered surfaces that maintain low frictional values while increasing overall durability
through minimal wear. Textured surfaces with connected and isolated microstructures were
studied by reciprocating friction and wear testing. The results show that by designing and
fabricating proper surface textures used to reduce contact area and thus reduce frictional forces, a
highly durable surface can be produced for potential uses in MEMS devices and other
applications.

2. Experimental Details

2.1 Materials
SU8-2050 (Microchem LTD) epoxy based, i-line, negative tone photoresist was used to
create microstructures on Si substrates. DLC coating was deposited on top of the SU8 to act as
an outer, protective layer to help prolong wear. This concept is illustrated for both the connected
and isolated microstructures by Fig. 1.

2.2 Fabrication
Si (100) wafers were used as substrates for this study. The Si wafers were cleaned in an
ultrasonic bath for 20 minutes with acetone and for another 20 minutes with isopropyl alcohol.

The wafers were then rinsed with deionized water, blown dry with nitrogen gas, and baked at
200 °C for 10 minutes to remove any remaining liquid. SU8 films of thickness of about 45 µm
were formed by spin coating the SU8 photoresist on the cleaned Si wafer according to the
Microchem SU8-2050 recipe, which outlines various spin coating parameters for desired film
thicknesses [14]. A thin layer (<500nm) of propylene glycol methyl ether (PGMEA) acted as an
adhesion promoter between the Si and SU8 film and was spun at 3000 rpm on the Si wafer for 30
s. The SU8 film was spun at 2000 rpm for 25 s.

The fabrication steps for the SU8 microstructures are as follows: (1) the SU8 photoresist
was pre-baked at 65 °C for 6 minutes, 95 °C for 10 minutes, and then cooled for 10 minutes at
room temperature; (2) the pre-baked SU8 was then exposed to UV light using photolithography
for 140 seconds to create micro-pillars; (3) the exposed SU8 was then post-baked at 65 °C for 2
minutes, 95 °C for 10 minutes, and then again at 65 °C for 9 hours; (4) the samples were then
developed in MicroChem’s SU8 developing solution for 8 minutes; (5) the developed SU8 was
then hard-baked at 175 °C for 1 hour. Since the SU8 photoresist is to remain as part of the
finished product, it was necessary to hard-bake the samples to further cross link the material to
help maintain the good mechanical properties of SU8 [14];

(6) finally, the samples were

annealed at 250 °C for 10 minutes in an attempt to create curvature on the top of the
microstructures.

By heating the SU8 polymer above its recrystallization temperature the

microstructures could begin to soften and develop curvature to form a stable, low surface energy
geometry [15].

Two types of SU8 microstructures were patterned on the Si wafers through
photolithography by using plastic dark field masks with circles that had a diameter of 25 µm and
center-to-center distances (pitches) of 50 µm and 75 µm, respectively. When the plastic mask
containing circles with a 50 µm pitch was placed over a Si wafer coated with SU8 film, the circle
openings in the mask were close enough such that, when the wafer was exposed to UV light,
some of the SU8 between the circles also absorbed the UV light. Since SU8 is a negative
photoresist it begins to cross-link and harden when exposed to UV light. As a result, the SU8
film between the microstructures became partially hardened, thus linking the microstructures
together. The mask used for the isolated microstructures had a pitch big enough such that it
didn’t allow UV rays to harden the SU8 between the pillars thus making them isolated.

Samples were then coated with DLC using plasma immersion ion deposition (PIID), a
plasma-enhanced chemical vapor deposition (PECVD) processes. A detailed description of these
processes and parameters can be found elsewhere [16-19].

2.3 Tribological Testing and Analysis
An automatic friction abrasion analyzer (Triboster, Kyowa Interface Science Co., LTD),
also known as a tribometer, was used to perform friction testing and measure the dynamic
coefficients of friction (COF). This machine provides horizontal, linear reciprocating motion of
the sample surface relative to a fixed frictional counterpart.

A 7 mm chrome steel ball, acting as a point contact, was used as a counter surface for the
frictions tests. For the testing, a stroke of 10 mm was used with a sliding speed of 2.5 mm/s.

The applied normal load was 0.1962 N which was achieved by placing a 20 g mass on the
balance arm of the tribometer. Each friction test was run for 1000 cycles.
An optical microscope (ME300TZ-2L-9M, AmScope) was used to characterize the
topography and wear of the samples. A scanning electron microscope (JSM-6335F, JEOL) and
a Dektak surface profilometer (DekTak 150, Bruker) were also used in analyzing sample
topography.

3. Results and Discussion

3.1 Sample Topography and Characterization
Table 1 describes the samples and their classifications. Figure 2 is an SEM image of the
connected and isolated microstructures after DLC coating.

The DLC film thickness is

approximately 500 nm and was measured using a profilometer (DekTak 150, Bruker).
Profilometer scans, as seen in Fig. 3, show the topographical makeup of the samples textured
with microstructures. The non-vertical slope of the structures in Fig. 3 is a result of the conical
profilometer tip and its limited resolution. The isolated microstructures are not actually touching
one another as Fig. 3(b) might suggest. The tip itself has a radius of 12.5 µm, which causes the
microstructures to appear closer to each other than they really are (compared to Fig. 2). The
profilometer scans are useful in that they can accurately measure the height of the
microstructures, which is about 40 µm as seen in Fig. 4, despite being limited in accurately
determining the spacing between the structures. It should be noted that the textures’ nonuniform horizontal dimensions, both in spacing and top diameter, as seen in Fig. 4 is a result of
the profilometer scan not being completely aligned with the rows of microstructures. This slight
misalignment of the scanning probe causes each texture to have a different diameter and spacing

between its neighboring textures when viewed as a 2D scan. This also explains why the dips
between the microstructures, as measured by the probe, are not at the same level with each other.
The connected microstructures (Fig. 1 (a)) are linked together by SU8 film at the bottom
of the microstructures, thus creating a lower texture aspect ratio than the isolated microstructures
(Fig 1(b)). This extra connection offers a stabilizing base for the microstructures, which in turn
suggests the potential for enhancing the overall durability of a sample.

3.2 Friction on Surfaces without DLC
Figure 5 is a plot of COF vs. testing cycles for all samples without DLC coating. Both
microtextured samples show lower COF than those of the smooth Si and SU8 film, which are
very high at about 0.8. This reduced COF, although only temporary in the case of the connected
microstructure sample, is because of the reduced area of contact. By successfully reducing the
area of contact between the sliding counterpart and the sample, the COF was reduced. As test
progress, a surface can produce small amounts of debris due to wear, which could cause COF to
rise.

In the case of the connected microstructure sample, the surface most likely developed

enough debris to affect the sliding counterpart and increased the COF. In the case of the isolated
microstructure sample, the initial positive slope and erratic behavior indicates a surface failure
soon after testing. Surface characterizations after friction test clearly indicate the isolated SU8
micropillars were not able to withstand the horizontal shearing of the counterpart. It should be
noted that this same COF curve begins to decrease after the initial surface failure. This is due to
the fact that the removed microstructures were rolling along the surface in the wear track, thus
almost acting as roller bearings with much reduced friction for the point contact. Also, despite

the increased contact pressure, this would in turn further reduce the contact area between the
sliding counterpart and the sample and thus reduce friction even more.

3.3 Friction on Surfaces with DLC
DLC is known for its tribological benefits, such as slickness and hardness, and has a
major effect on friction of the samples as seen in Fig. 6. Si with DLC coating shows a
significant reduction in COF as it drops from 0.8 to 0.4. Although it benefits from the DLC
deposition, the SU8 film has a COF slightly higher than that of Si + DLC. The connected
microstructures showed the lowest COF values while maintaining relatively steady COF over the
entire 1000 cycles. These particular microstructures exhibit reinforced durability because of
their connections to each other. On the other hand, the isolated microstructure sample, even
when coated with a protective DLC layer, has higher COF. Similar to the isolated microstructure
sample without DLC, the sliding point contact most likely damaged the textures. However, in
the case of isolated microstructure coated with the DLC layer there was most likely a larger
plowing effect caused by the counterpart as it pushed broken and damaged the textures along the
wear track, which would cause higher COF than the smooth surfaces and the connected
microstructure surface.

Since friction values remained relatively high for the isolated

microstructure sample, one can assume that there were no broken microstructures rolling beneath
the sliding point contact to act as roller bearings during this friction test.

3.4 Wear
SEM and optical images of the wear track were taken to characterize the wear
performance of each sample. Figure 7 shows optical and SEM images of the Si and SU8 film

samples both with and without the DLC coating. The smooth Si shows a wear track width of
approximately 200 µm with large amounts of damage and debris. On the other hand, SU8 film
has a much smaller wear track width of about 70 µm and less debris. There is more surface
damage on the Si compared to the SU8 film because of Si’s brittle nature. When coated with
DLC, Si shows both reduced wear track width as well as reduced damage and debris.
Conversely, SU8 + DLC shows higher amount of wear debris and its wear track is narrower than
the uncoated SU8 film due to increased surface hardness resulting from the DLC coating.

Figure 8 shows a magnified SEM image comparison of SU8 and SU8 + DLC wear
tracks. The noticeably higher amount of wear debris on SU8 + DLC is caused by a higher
contact pressure due to the reduced area of contact that is generated by what is known as a plate
bending effect when a hard coating is placed on top of a softer substrate, in this case being DLC
on SU8 film [20].

The wear on the connected and isolated microstructure surfaces is seen in Fig. 9 and Fig.
10. These optical and SEM images help characterize the overall tribological performance of the
samples by allowing one to connect the friction data to a sample’s wear performance. The
connected microstructure sample, Fig. 9(a), shows exceptional wear resistance with a very
miniscule wear track (~70 µm wide) with small amounts of debris. Even when zoomed in to a
magnification of 1000x in Fig. 10(a), the structures appear undamaged. Likewise, when coated
with DLC, Figs. 9 (b) and 10 (b), the connected microstructures show excellent wear resistance.
The even smaller wear track (~19 µm wide) and noticeably less debris can be attributed to the
DLC layer on top of the connected SU8 microstructures. The wear track for the connected

microstructures with DLC is nearly impossible to see in the optical image, Fig. 9 (b), because it
is so small. The SEM is able to capture what little wear there is on this sample in Fig. 10 (b).
Although the connected microstructures prove to be very wear resistant, it is obvious that the
additional layer of DLC is still beneficial in that it reduces both wear and friction.

Unlike the connected microstructures, the wear track of the isolated microstructure
sample is very wide, stretching to about 1 mm (Fig. 9(c) and 10(c)). Even when coated with
DLC, the isolated micropillars were practically removed (Fig. 9(d) and 10(d)). The DLC helped
prevent complete removal of the structures, as seen by the slight bumps at the bases of where
some structures once stood, but was overall ineffective in keeping the structures standing. The
optical image of the uncoated isolated microstructure sample (Fig. 9(c)) shows several fallen
micropillars. Destroyed structures such as these could have been rolling beneath the sliding
counterpart during the friction test thus causing the reduced COF values for the isolated
microstructure sample as mentioned previously (Fig. 5).

It should be noted that the connected microstructure surface appears different when
comparing optical and SEM images. This visual discrepancy is because of the greater depth of
focus an SEM has over an optical microscope. The combination of optical and SEM images of
the wear tracks provides multiple perspectives of the wear tracks to give a better overall
understanding of the samples’ tribological performances.

4. Conclusions

It was confirmed that Si has poor friction and wear characteristics; however, they can be
greatly improved with a layer of DLC. This coincides with other studies and findings. In
addition, SU8 film has better wear characteristics compared to Si because of its relatively soft
nature. The application of a DLC layer on the SU8 film reduces COF and wear track width but
is not as tribologically beneficial as Si + DLC.

The isolated microstructures were completely removed from the surface after wear
testing. The DLC coating did not help prevent structure damage. The connected microstructures
showed an initial reduction in frictional forces before it began to steadily rise to approach values
similar to Si and SU8 film. The deposition of DLC helped the connected microstructure surface
to maintain a low COF. Also, the connected microstructures provide a sturdy, reinforced surface
that shows minimal wear. Overall, surfaces patterned with connected SU8 micropillars coated
with DLC exhibit low COF while at the same time creating very little wear or debris. Surfaces
such as these show great promise in lowering frictional forces without extreme wear.
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Table 1: Sample Description
Sample

Description

Si

Smooth Silicon

SU8 Film

45 µm thick SU8 Film on Silicon

Connected Microstructures

25 µm diameter with 50 µm pitch on Silicon

Isolated Microstructures

25 µm diameter with 75 µm pitch on Silicon

Si + DLC

Smooth Silicon + 500 nm DLC

SU8 Film + DLC

45 µm thick SU8 Film + 500 nm DLC

Connected + DLC

25 µm diameter with 50 µm pitch + 500 nm DLC

Isolated + DLC

25 µm diameter with 75 µm pitch + 500 nm DLC
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Figure 1. Schematics of (a) connected and (b) isolated SU8 microstructures
covered with DLC (not to scale).
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Figure 2. SEM image (oblique view) of (a) connected and (b) isolated microstructures coated
with DLC.

Figure 3. Profilometer scans of the connected (top) and isolated
(bottom) microstructure samples.
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connected (top) and isolated (bottom) microstructure
samples.

Figure 5. COF vs. sliding cycles for samples without DLC coating.
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Figure 7. Optical and SEM (insets) images of (a) Si, (b) Si+DLC, (c) SU8 film, and
(d) SU8 film+DLC.
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Figure 8. Magnified SEM wear track images of (a) SU8 and (b) SU8 film+DLC.
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Figure 9. Optical wear track images of (a) connected, (b) connected + DLC, (c)
isolated, and (d) isolated + DLC microstructures.
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Figure 10. SEM wear track images of (a) connected, (b) connected + DLC, (c) isolated and
(d) isolated + DLC microstructures.

